Abstract: Plants defense responses to abiotic stresses, including salinity stress, involve stimulation of defense related pathways such as biosynthesis of secondary metabolites and induction of endogenous antioxidant enzyme responses. In the present study, a single seed origin clonal line of Swertia chirayita inoculated with Lactobacillus plantarum (LP) was grown under different salinity levels. Control had no LP inoculation. S. chirayita inoculated with LP showed higher accumulation of proline, low proline dehydrogenase activity, up-regulation of pentose phosphate pathway, down-regulation of succinate dehydrogenase activity (Krebs cycle) and low total phenolic content with increased salt concentrations. In comparison, S. chirayita without LP adopted a different biochemical mechanism to counter salt stress (NaCl) by up-regulating both pentose phosphate pathway and Krebs cycle along with stimulation of phenolic biosynthesis. Guaiacol peroxidase (GPX) activity increased with and without LP treatment in response to increasing concentrations of salt. These results indicate that S. chirayita inoculated with LP exhibits a greater salinity stress tolerance than S. chirayita without LP by adopting a more energy efficient defense responses and potentially efficiently partitioning carbon flux between primary and secondary metabolism to counter salt induced oxidative stress.
Introduction
Salinization is one major environmental and agricultural problem which can seriously impede growth, development, and productivity of plants (Neto et al. 2004; Parida and Das 2005) . Around 50% of global arable land will face some degree of salinization by 2050 and each year there is a deterioration of 2 million Ha of world agricultural land to salinity (Ashraf and Foolad 2007; Wang et al. 2004) . To counter such environmental stresses like salinity, UV stress, and temperature extremes, plants have evolved an elaborate defense responses involving the activation of defense related biochemical pathways, maintaining membrane integrity and structure, protecting and restoring cellular organelles, and stimulating endogenous antioxidant responses (Vinocur and Altman 2005; Wang et al. 2003) . Plants when subjected to increased level of salt show hyperionic and hyperosmotic effects that can cause membrane disintegration, cellular toxicity and accumulation of reactive oxygen species (ROS) in cells (Hasegawa et al. 2000) . ROS are free radicals (O 2 − , OH·, OH 2 ) and non-radical (H 2 O 2 ) and can be formed as the result of incomplete reduction or activation of oxygen (Jaleel et al. 2009 ). Although very high levels of ROS can cause oxidative damages to cellular structures, organelles and macromolecules, in moderate concentrations it can act as signaling molecule and help plant to counter abiotic stress-induced damages. Generation of ROS in reasonable amount help to maintain membrane structure, stimulate biosynthesis of important metabolites, and enhance protein synthesis to support changing developmental needs, especially under adverse environmental conditions (Foyer et al. 1994; Harris 1992) .
One of the ways plants cope with increasing concentration of ROS is through maintenance of cellular homeostasis by inducing both enzymatic and non-enzymatic antioxidants responses (Seki et al. 2003) . The antioxidant defense system is made up with non-enzymatic antioxidants such as vitamins A; C; E, glutathione, carotenoids and phenolics, and enzymatic antioxidants such as superoxide dismutase (SOD), catalases (CAT) and peroxidases. A number of studies have been carried out to understand the enzymatic antioxidant response of plants under salinity stress. Significant increase in activities of SOD, CAT and peroxidases in response to salinity has been reported in Hordeum vulgare L. (Kim et al. 2005) , Beta maritima L. (Bor et al. 2003) , Lycopersicon esculentum Mill., (Guenta-Dahan et al. 1997) and Oryza sativa L. (Lee et al. 2001) . Superoxide dismutase (SOD) reacts with superoxide radical to produce H 2 O 2 while H 2 O 2 is scavenged by catalases and peroxidases. Phenolics, important secondary metabolites and non-enzymatic antioxidants, are reported to be found in augmented conditions in plants under abiotic stresses (Yuan et al. 2010) . Phenolics can potentially act as antioxidant since it can eliminate ROS and function as metal chelators (Ksouri et al. 2008; Rice-Evans et al. 1997) . The antioxidant activity of phenolics is actually governed by their redox properties, which play crucial role in absorbing and neutralizing free radicals, quenching single and triplet oxygen or decomposing peroxides (Rice-Evans et al. 1997) . Phenolics not only directly help to quench free radicals but also induce other endogenous defense responses, and support structural adjustments during abiotic stresses.
Further different amino acids and plant growth regulators also play significant role in plant's defense responses. Metabolites such as proline, glycine-betaine, mannitol, and trehalose can preserve cellular content from damages related to salt stress in plants (Vinocur and Altman 2005) . Proline is a commonly found osmolyte which has excellent conformational rigidity (Szabados and Savoure 2009) . High levels of proline accumulation have been reported, up to 100 times greater under abiotic stress condition than in control (Verbruggen and Hermans 2008) . Proline and rehydration up-regulates the proline dehydrogenase (PDH) transcription whereas dehydration prevents proline degradation (Kiyosue et al. 1996) . Beyond osmolyte, proline potentially plays active metabolic role in plant cell during abiotic stresses (Hare and Cress 1997; Shetty 1997) . During mitochondrial oxidative phosphorylation, oxidation of proline may provide reductants for energy synthesis (ATP) (Hare and Cress 1997) . The presence of specific amino acid transporters like the proline uniporter and the proline/glutamate indicated the active process of proline uptake into the mitochondria (Di Martino et al. 2006) . High levels of proline synthesis in the cytosol during stress may sustain normal levels of NAD(P) + /NAD(P)H ratio (Hare and Cress 1997) . Proline is also reported to have antioxidant properties which can quench singlet oxygen, buffer cytosolic pH and balance cell redox status (Hare and Cress 1997; Mohanty and Matysik 2001; Verbruggen and Hermans 2008) .
The oxidative pentose phosphate pathway is a major source of reductants (NADPH) for biosynthetic processes such as fatty-acid synthesis, assimilation of inorganic nitrogen and maintenance of redox potential necessary to protect against oxidative stress while non-oxidative pentose phosphate pathway is the source of carbon skeleton for the synthesis of nucleotides, aromatic amino acids, phenylpropanoids and their derivatives. Pentose phosphate pathway in erythrocytes and fibroblasts has been partly shown to be regulated and stimulated when P5C (Pyrroline-5-carboxylate) is converted to proline during proline synthesis (Phang et al. 1979; Yeh and Phang 1980) . The reduction of P5C in the cytosol provides NADP + which is the co-factor for glucose-6-phosphate dehydrogenase (G6PDH), the enzyme that catalyzes the rate-limiting step of the pentose phosphate pathway (Shetty and Wahlqvist 2004) . Shetty (1997) proposed a model linking proline synthesis to pentose phosphate pathway that could stimulate shikimate and phenylpropanoid pathways and hypothesized that stress-linked modulation of this pathway could lead to stimulation of phenolic biosynthesis in plants.
Plants not only just counter abiotic stresses with endogenous defense responses but also through formation of beneficial and symbiotic relationships with microorganisms such as Rhizobium, Bacillus, Pseudomonas, Aspergillus, and Azotobacter, largely known as plant growth-promoting bacteria (PGPR). These microorganisms can help plants cope with abiotic stresses in a variety of ways such as by increasing water-use efficiency (Mayak et al. 2004) , by activating salicylic acid dependent pathway (Barriuso et al. 2008) ; by altering gene expression to transcribe proteins that can ameliorate hypoxia (Li et al. 2013) ; by boosting K + /Na + ratio and raising chlorophyll and phenolic content (Rojas-Tapias et al. 2012) , enhancing nutrient uptake and increasing and changing root development and direction (Yang et al. 2009 ) and altering the mRNA expression levels of ROS scavenging enzyme, increasing proline content and photosynthesis (Gururani et al. 2012) . Lactobacillus plantarum, a naturally occurring bacterial species found in fermented plant materials and soil, is known for its health beneficial probiotic properties. The biochemical properties of this bacterium make it important for inducing substrate fermentation (Primavesi 2014) and are therefore commercially used to improve growth and production of food crops (Higa and Kinjo; Young 1989 ). However, Lactobacillus sp is not categorized as PGPR.
The aim of this study was to investigate its possible role in alleviating the effects of salt stress on the single seed originating clonally generated plant, S. chirayita, which is one of the most traded and important medicinal plants of Nepal. Endemic to the Himalayan region and once abundantly available in the wild, the population of this important plant is rapidly dwindling to the point of endangerment. Due to its high demand and due to its importance in healthcare and cosmetic industries, cultivation of this plant is now being recommended and promoted by the Government of Nepal. The aim of this study was to understand the adaptation strategy of this plant under salt stress in relation to phenolic accumulation and antioxidant defense responses. Further the specific role and mechanism of S. chirayita-L. plantarum interaction for improving salinity stress tolerance was also investigated. In the present study, phenotypically uniform S. chirayita tissue culture induced shoot cultures of clonal origin isolated from a single seed were inoculated with and without L. plantarum and grown under different concentrations of sodium chloride (NaCl). Antioxidant enzyme responses, possible up-regulation of proline-associated pentose phosphate pathway and accumulation of phenolics were evaluated both in inoculated and non-inoculated clonal lines of S. chirayita under varying salt stress.
Materials and Methods

Isolation of clonal line
S. chirayita seeds were collected in August 2007 from Marming, Sindhupalchok, Central Nepal and germination was carried out in standard Murashige and Skoog medium with 3% sucrose (Shetty et al. 1995) . The in vitro shoot cultures were then vegetatively generated from a single seed originating phenotype under sterile conditions. The individual excised shoots of the clonal line were sub cultured on Murashige and Skoog (MS) hormone free medium (Murashige and Skoog 1962) , containing MS basal salt mixture, Nitsch and Nitsch vitamins, 3% sucrose, and 0.3% gellan gum (Phytagel®) (Eguchi et al. 1996) . Different concentrations of NaCl (0, 10, 25, 50, 75, 100 mM) were added to the basal medium. The medium was adjusted to pH 5.8 prior to autoclaving at 121°C for 20 min. Each Petri dish had 5-7 shoot apices with each excised apex having two-four lateral leaves below it.
The clonal shoots of this single seed originating clonal line was maintained in a growth chamber with controlled temperature (20°C) under white light (300 µmol m
). After two month of growth leaf tissues were collected for biochemical analysis. Unless noted, all chemicals also were purchased from Sigma Chemical Co. (St. Louis, MO).
Lactobacillus plantarum (LP) inoculation
Initially 100µL of frozen stocks of L. plantarum (ATCC 9019) culture was inoculated into 10mL MRS broth (Difco) and incubated for 24 h at 37°C. Then, 100µL of the 24 h grown strain was spread plated onto MRS plate for 24 h at 37°C under anaerobic conditions using BBL GasPak jars (Becton, Dickinson and Co., Sparks, MD) with BD GasPak EZ anaerobe container system sachets (Becton, Dickinson and Co., Sparks, MD). The base of each individually excised shoot of S. chirayita were brushed onto culture plates containing L. plantarum colonies and transferred to the Petri dish.
Enzyme extraction
A cold pestle and motor was used to thoroughly grind 200 mg of the S. chirayita tissue in cold enzyme extraction buffer [0.5% polyvinylpyrrolidone (PVP), 3 mM EDTA. 0.1 M potassium phosphate buffer of pH 7.5]. The sample was centrifuged at 12 000 g for 15 min at 2-5°C and stored on ice. The supernatant was used for further analysis.
Total protein assay
Protein content was measured by the method of Bradford assay (1976) . The dye reagent concentrate (Bio-Rad protein assay kit II, Bio-Rad Laboratory, Hercules, CA) was diluted 1:4 with distilled water. A volume of 5 mL of diluted dye reagent was added to 100 µL of the tissue extract. After vortexing and incubating for 5 min, the absorbance was measured at 595nm against a 5mL reagent blank and 100 µL buffer solutions using a UV-VIS Genesys spectrophotometer (Milton Roy, Inc., Rochester, NY).
HPLC analysis of proline
High performance liquid chromatography (HPLC) analysis was performed using an Agilent 1100 liquid chromatograph equipped with a diode array detector (DAD 1100). The analytical column was reverse phase Nucleosil C18, 250 nm × 4.6 mm with a packing material of 5 µm particle size. The extract samples were eluted out in an isocratic manner with a mobile phase consisting of 20 mM potassium phosphate (pH 2.5 by phosphoric acid) at a flow rate of 1 mL min −1 and detected at 210 nm. L-Proline (Sigma chemicals, St. Louis, MO) dissolved in the 20 mM potassium phosphate solution was used to calibrate the standard curve (Kwon et al. 2009 ). The amount of proline in the sample was reported as mg of proline per milliliter and converted to mg g −1 FW.
HPLC analysis of phenolic profile
Two mL of the extracts were filtered through a 0.2 µm filter and 5 µL were injected in a HPLC Agilent 1100 series equipped with autosampler and DAD 1100 diode array detector (Agilent Technologies, Palo Alto, CA). The solvents used for gradient elution were (A) 10mM phosphoric acid (pH 2.5) and (B) 100% methanol. The methanol concentration was increased to 60% for the first 8 min and to 100% over the next 7 min, then decreased to 0% for the next 3 min and was maintained for the next 7 min (total run time, 25 min). The analytical column used was Agilent Zorbax SB-C18, 250 mm × 4.6 mm i.d., with packing material of 5 µm particle size at a flow rate of 1 mL min 1 at ambient temperature. During each run the absorbance was recorded at 225 nm and 306 nm and the chromatogram integrated using Agilent Chemstation enhanced integrator. Calibration was performed by injecting the standards of amarogentin, mangiferin and swertiamarin at different concentrations. Peak identification was performed by comparison of retention times and diode array spectral characteristics with the standards.
Glucose-6-Phosphate dehydrogenase (G6PDH) assay
A modified version of the assay described by Deutsch (1983) was followed. The enzyme reaction mixture containing 5.88 µmol ß-NADP, 88.5 µmol MgCl 2 , 53.7 µmol glucose-6-phosphate, and 0.77 mmol maleimide was prepared. This mixture was used to obtain baseline (zero) of the spectrophotometer reading at 340 nm wavelength. To 1 mL of this mixture, 100 µL of the enzyme sample was added. The rate of change in absorbance per minute was used to quantify the enzyme in the mixture using the extinction co-efficient of NADPH (6.22 mM −1 cm −1 ).
Succinate dehydrogenase (SDH) assay
Modified method described by Bregman (1987) was used to assay the activity of succinate dehydrogenase. The tissue extract suspension was diluted with 2.0mL of enzyme extraction buffer. The enzyme sample was then assayed at room temperature for succinate dehydrogenase activity. The assay mixture consisted of the following: 1.0 mL of 0.4 M potassium phosphate buffer (pH 7.2); 40 µL of 0.15 M sodium succinate (pH 7.0); 40µL of 0.2M sodium azide; and 10 mL of 6.0 mg mL 1 DCPIP (Dichlorophenolindophenol). This mixture was used to obtain baseline (zero) of the spectrophotometer reading at 600 nm wavelength. To 1.0 mL of this mixture, 200 µL of the enzyme sample was added. The rate of change in absorbance per minute was used to quantify the enzyme in the mixture using the extinction co-efficient of DCPIP (19.1 mM
).
Proline dehydrogenase (PDH) assay
A modified method described by Costilow and Cooper (1978) was carried out to assay the activity of proline dehydrogenase. The enzyme reaction mixture containing 100 mM sodium carbonate buffer (pH 10.3), 20 mM L-proline solution and 10 mM NAD was used. To 1 mL of this reaction mixture, 200 µL of extracted enzyme sample was added. The increase in absorbance was measured at 340 nm for 3 min, at 32°C. The absorbance was recorded at zero time and then after 3 min. In this spectrophotometric assay, one unit of enzyme activity is equal to the amount causing an increase in absorbance of 0.01 per min at 340 nm (1.0cm light path).
Superoxide dismutase (SOD) assay
A competitive inhibition assay was performed that used xanthine-xanthine oxidase-generated superoxide to reduce nitroblue tetrazolium (NBT) to blue formazan. Spectrophotometric assay of SOD activity was carried out by monitoring the reduction of NBT at 560 nm (Oberley and Spitz 1984) . The reaction mixture contained 13.8 mL of 50 mM potassium phosphate buffer (pH 7.8) containing 1.33 mM DETAPAC (diethylenetriamine-penta-acetic acid); 0.5 mL of 2.45 mM NBT; 1.7 mL of 1.8 mM xanthine and 40 IU mL 1 catalase. To 0.8 mL of reagent mixture 100 µL of phosphate buffer and 100 µL of xanthine oxidase was added. The change in absorbance at 560 nm was measured every 20 sec for 2 min and the concentration of Xanthine oxidase was adjusted to obtain a linear curve with a slope of 0.025 absorbance per min. The phosphate buffer was then replaced by the enzyme sample and the change in absorbance was monitored every 20 sec for 2 min. One unit of SOD was defined as the amount of protein that inhibits NBT reduction to 50% of the maximum.
Catalase (CAT) assay
A method originally described by Beers and Sizer (1952) was used to assay the activity of catalase. To 1.9 mL of distilled water 1 mL of 0.059 M hydrogen peroxide (Merck's Superoxol or equivalent grade) in 0.05 M potassium phosphate, pH 7.0 was added. This mixture was incubated in a spectrophotometer for 4-5 min to achieve temperature equilibration and to establish blank rate. To this mixture 0.1mL of diluted enzyme sample was added and the disappearance of peroxide was followed spectrophotometrically by recording the decrease in absorbance at 240 nm for 2-3 min. The change in absorbance ΔA 240 /min from the initial (45 sec) linear portion of the curve was calculated. One unit of catalase activity was defined as amount that decomposes one micromole of H 2 O 2 Units=mg ¼ DA 240 = min ð Þ Â 1000 43:6 Â mg enzyme=mL of reaction mixture
Guaiacol peroxidase (GPX) assay
Modified version of assay developed by Laloue et al. (1997) was used. Briefly, the enzyme reaction mixture contained 0.1 M potassium phosphate buffer (pH 6.8), 50 mM guaiacol solution and 0.2 mM hydrogen peroxide. To 1 mL of this reaction mixture, 50 µL of enzyme sample was added. The absorbance was noted at zero time and then after 5 min. The rate of change in absorbance per minute was used to quantify the enzyme in the mixture using the extinction co-efficient of the oxidized product tetraguaiacol (26.6 mM
Antioxidant activity by 1,1-diphenyl-2-picrylhydrazyl radical (DPPH) inhibition assay To 1.25 mL of 60 µM DPPH in ethanol, 0.250 mL of shoot culture extract in 95% ethanol was added, the decrease in absorbance was monitored at 517 nm until a constant reading was obtained. The readings were compared with the controls, which contained 0.250 mL of 95% ethanol instead of the extract. The % inhibition was calculated by:
Total soluble phenolics assay
The total phenolics were determined by an assay modified from Shetty et al. (1995) . Briefly, 50 mg of the shoot tissue was immersed in 2.5 mL of 95% ethanol and kept in the freezer for 48-72 h. The sample was homogenized and centrifuged at 12 000g for 10 min. One milliliter of supernatant was transferred into a test tube and mixed with 1 mL of 95% ethanol and 5 mL of distilled water. To each sample 0.5 mL of 50% (v/v) Folin-Ciocalteu reagent was added and mixed. After 5 min, 1 mL of 5% Na 2 CO 3 was added to the reaction mixture and allowed to stand for 60 min. The absorbance was read at 725nm. The absorbance values were converted to total phenolics and were expressed in milligrams equivalents of gallic acid per grams fresh weight (FW) of the sample. Standard curves were established using various concentrations of gallic acid in 95% ethanol.
Statistical analysis
All experiments were performed four times. Means, standard errors and standard deviations were calculated using Microsoft Excel 2003. Statistical analysis was completed using one-way analysis of the variance (ANOVA). Post-hoc comparisons were carried out using LSD test or planned comparison done in Statistic software package version 5.0 (StatSoft, Inc., Tulsa, OK) (p < 0.05).
Results
Visual observation
There was clear visual difference between S. chirayita clonal line with and without L. plantarum (LP) under different concentrations of salt (Fig. 1) . S. chirayita with LP were greener in color with more lateral shoots and showed some growth even at 75 mM NaCl concentration. S. chirayita without LP were relatively less green in color, with less number of lateral shoots and the plants did not survive after 25 mM NaCl concentration. A concentration of 100 mM completely inhibited the growth of the plants in shoot cultures of S. chirayita with and without L. plantarum (LP).
G6PDH and SDH activity
G6PDH is the rate limiting enzyme of the first step of pentose phosphate pathway. The presence of LP significantly increased the activity (p < 0.05) of both G6PDH and SDH activity in S. chirayita clonal line. This indicates that LP stimulated an enhanced activation of both pentose phosphate pathway and Krebs cycle. Increasing NaCl concentration also increased the G6PDH activity in S. chirayita clonal line without LP (Fig.  1) . In S. chirayita clonal line with LP, G6PDH activity increased significantly in response to 50 mM NaCl and then decreased in cultures in response to 75 mM NaCl (p < 0.05) which is statistically similar to other lower dose of NaCl treatments.
SDH a key enzyme in the Krebs cycle increased with increasing NaCl concentration in S. chirayita clonal line without LP indicating possible up-regulation of Krebs cycle. S chirayita with LP on the other hand showed significant reduction in SDH activity with increased concentration of NaCl indicating down-regulation of Krebs cycle (p < 0.05) (Fig. 3) . 
Proline content and PDH activity
There were no significant differences in proline content between S. chirayita with and without LP up to 25 mM NaCl. At higher levels of NaCl of 50 mM and 75 mM NaCl proline levels were stimulated to very high levels in LP treated clonal line (Fig. 4) . PDH activity in clonal line without LP was stimulated from an initial high value at 10 mM NaCl before declining rapidly at 25 mM. The PDH activity in NaCl treated cultures in the presence of LP continued to decline at 75 mM (Fig. 5) . However, proline content increased significantly with LP in 50 and 75 mM NaCl concentrations (p < 0.05) (Fig. 4) . The proline content in S. chirayita with LP grown in 75 mM NaCl had almost three times more proline than control cultures.
Overall PDH appears to have a more significant role in control or under low levels of salinity treatments. Proline levels on the other hand are highly stimulated in presence of LP and at high concentrations of NaCl but without stimulation of PDH activity (Fig. 4 and 5 ). This reflects that proline oxidation may have some minor role in energy production for this adjustment but the accumulated proline and pathways associated with this accumulation may have other metabolic roles in direct adjustment to salinity stress.
SOD, GPX and CAT activity
The activity of SOD was lower in S. chirayita with LP compared to control but no significant differences were observed. Superoxide dismutase (SOD) activity slightly increased in 10 mM NaCl but decreased in 25 mM NaCl in S. chirayita with and without LP (Fig. 6A) . SOD activity decreased further with increased salt concentration in S. chirayita with LP.
GPX activity increased marginally with increasing salt concentration in S. chirayita without LP (Fig. 6B) . Initially, GPX activity slightly decreased in 10 mM NaCl but increased with subsequent increases in salt concentration up to 75 mM NaCl in cultures with LP.
In S. chirayita with LP, CAT activity increased when grown in 10 mM NaCl but when grown at a concentration of 25, 50, 75 mM NaCl concentrations, a steady decline in CAT activity was observed (Fig. 6C) . In S. chirayita without LP, there was no significant difference in CAT activity between shoots grown in 10 mM NaCl and control however, further increase in salt concentration showed subsequent decrease in CAT activity. Overall CAT trends seem to follow SOD trends indicating the peroxides formed by SOD activity was likely used by CAT.
DPPH and total phenolic content
The presence of LP in the S. chirayita appears to decrease the total phenolic content and DPPH radical scavenging activity when compared to control cultures. Total phenolic content decreased with subsequent increase in salt concentration in S. chirayita cultures with LP (Fig. 7) . S. chirayita without LP did not show any significant difference in total phenolic content and DPPH radical scavenging activity between the control and NaCl treated samples. DPPH scavenging activity decreased with subsequent increase in salt concentration in S. chirayita with LP (Fig. 8 ) at higher concentrations of 50 and 75 mM. DPPH scavenging activity and total phenolics in both cultures with and without LP showed significant correlation. Overall it appears free phenolic flux is rapidly used by LP treated cultures for metabolic and potentially structural adjustment and therefore levels are significantly lower than cultures without LP.
Major phenolic profile quantification
Three main phenolics; mangiferin, swertiamarin, amarogentin and their derivatives were present in S. chirayita cultures. The presence of L. plantarum (LP) in S. chirayita increased the accumulation of swertiamarin and amarogentin and their derivatives but not mangiferin and its derivatives. Amount of mangiferin and its derivatives increased slightly in S. chirayita cultures without LP grown in 10 mM NaCl and decreased in S. chirayita clonal line grown in 25 mM NaCl (Fig. 9A) . In S. chirayita clonal line with LP, amount of mangiferin and its Fig. 3 . Succinate dehydrogenase (SDH) (nmol/mg protein) activity of Swertia chirayita cultures with and without inoculation of Lactobacillus plantarum (LP) under different concentrations of salt. Fig. 2 . Glucose-6-phosphate dehydrogenase (G6PDH) (nmol/ mg protein) activity of Swertia chirayita cultures with and without inoculation of Lactobacillus plantarum (LP) under different concentrations of salt.
derivatives decreased with subsequent increase in salt concentration.
In S. chirayita clonal line without LP, the amount of swertiamarin and its derivatives increased when grown in 10 and 25 mM NaCl (Fig. 9B) . The amount of swertiamarin and its derivatives decreased significantly in S. chirayita clonal line with LP when grown in higher concentration of 50 and 75 mM NaCl.
The amount of amarogentin and its derivatives on the other hand, increased in S. chirayita clonal line without LP, with subsequent increase in salt concentration (Fig. 9C) . In S. chirayita clonal line with LP, the amount of amarogentin and its derivatives increased with increasing NaCl concentration of 10, 25, 50 mM NaCl but decreased at higher concentration of 75 mM NaCl.
Discussion
Plants have a highly developed biochemical and molecular mechanisms to deal with salinity stress including: a) selective accumulation of ions, b) regulation of ion uptake by roots, c) synthesis of compatible solutes like proline, glycine betaine, sugars and polyols, d) change in photosynthetic pathway, e) alteration of membrane structure, and f) stimulation of antioxidants enzymes (Parida and Das 2005) . Increased accumulation of reactive oxygen species is one of the consequences of osmotic imbalance and mitochondrial dysfunction in plants due to salinity stress (Greenway and Munns 1980; Halliwell and Gutteridge 1985) .
Enhanced antioxidant enzymes in response to salinity stress have been reported in many plant studies (Bor et al. 2003; Kim et al. 2005 (Scandalios 1993) . In the present study, the presence of LP significantly (p < 0.05) lowered the activity of SOD and CAT in S. chirayita clonal line while the activity of GPX had increased indicating potential role of phenolic polymerization as a response to LP. SOD and CAT activity increased in 10 mM NaCl treatment and then decreased in 25 mM NaCl treatments while GPX (Guaiacol peroxidase activity) increased with subsequent increase in NaCl concentration in S. chirayita shoots with and without LP. Peroxidases also play an important part in cell growth and polymerization of lignin precursors (Polle et al. 1992 ). This increase in GPX could be linked to structural adjustments needed for the cells to mitigate NaCl induced oxidative stress. Catalase and peroxidases help in balancing ROS concentration in plant cell (Elstner 1987) . LP induced higher CAT activity at 10 and 25 mM NaCl levels and this may suggest the role of CAT to eliminate NaCl-induced peroxides from the cytosol. Increase in the activity of antioxidant enzymes helps plants to adapt to salinity stress (Hoque et al. 2007 ). Hoque et al. (2007) reported low SOD, peroxidase and catalase activity in NaCl stressed cultured BY-2 cells than in non-stressed cells suggesting that these enzymes were unable to completely detoxify the H 2 O 2 generated by salt stress. Many reports have indicated that antioxidant enzyme activity decreases in plant cells under salt stress (Khedr et al. 2003; Mittova et al. 2004 ) and that antioxidant enzymes such as SOD, catalase and peroxidase activity increases significantly in presence of proline (Chen and Dickman 2005; Hoque et al. 2007; Khedr et al. 2003) . In the present study however, only GPX activity increased with subsequent increase in NaCl concentration in S. chirayita shoot with LP treatment. This may suggest the probable role of GPX in structural stabilization in plants under salinity stress with LP interactions, which in combination with other primary and secondary metabolism adjustments to phenolic moieties could enhance overall tolerance to NaCl at even very high levels of NaCl (75 mM). Visual morphology of S. chirayita clonal line at higher levels of salinity stress (50 and 75 mM) also corroborated with the results of antioxidant enzyme activity as LP treated clonal line showed greener shoot tissues, higher shoot and root growth, and better fitness against salinity stress (Fig. 1 ). Higher GPX activity in LP treated clonal line may help to counter salinity-induced oxidative stress through better structural and biochemical adjustments which reflected on the growth and survival under high salt concentrations.
Compatible solutes like proline and betaine have been reported to help maintain osmotic balance in plant cells (Arshi et al. 2002; Hasegawa et al. 2000) . Proline can also scavenge ROS (Hong et al. 2000; Okuma et al. 2004 ) while adjusting osmotic pressure, stabilizing complex II electron transport chain (Hamilton and Heckathorn 2001) , membranes and proteins (Hare and Cress 1997) and potentially acting as an active metabolic regulator. In the present study, the presence of LP caused significant increase in proline content (Fig. 4 ) and significant decrease (p < 0.05) in PDH activity with corresponding increase in NaCl concentration. This indicates that the presence of LP stimulates the biosynthesis of proline as an adaptive strategy to counter increased NaCl stress. Proline degradation or oxidation which takes place in the mitochondria, is catalyzed by PDH and this regulates the extent of accumulation of proline (Szoke et al. 1992; Verbruggen and Hermans 2008) and has some role in providing energy at higher levels of salinity stress (Fig. 5 ) but likely not a major role. The major role of proline is perhaps through its high accumulation as an osmolyte and relevance of the process and associated pathway of proline synthesis to stimulate other key pathways. The reduction of P5C (pyrroline-5-carboxylate) catalyzed by P5C reductase to proline in the cytosol results in recycling of NADP + which is the co-factor of G6PDH, the enzyme that catalyzes the rate-limiting step of the pentose phosphate pathway (Shetty and Wahlqvist 2004) . Shetty (1997) proposed a model that could link the accumulation of proline to pentose phosphate pathway, the precursors of this pathway (sugar phosphates and NADPH) which in turn can stimulate phenolic production under stressed environmental conditions. In the present study, the results indicate that there is definite up-regulation of pentose phosphate pathway (Fig. 2) that could be linked to increased proline content (Fig. 4) in S. chirayita shoot with LP.
Environmental stress in plants causes accumulation of secondary metabolites which in turn brings about physiological changes for adaptation (Jansen et al. 1998) . Phenolics which are produced through the phenylpropanoid pathway are reported to be induced by environmental stresses and elicitors (Kim et al. 2008) . In the present study, S. chirayita clonal lines without LP showed increased amount of total phenolic content and DPPH scavenging activity in response to increase in NaCl concentration. S. chirayita clonal line with LP however showed decreased amount of total phenolic content and DPPH scavenging activity with corresponding increase in NaCl concentrations. The up-regulation of pentose phosphate pathway might not drive phenolic biosynthesis but provided efficient metabolic regulation to support overall anabolic needs of S. chirayita with LP under salt stress in this study. Providing higher anabolic supports through up-regulation of PPP might help LP treated S. chirayita clonal lines to counter salinity stress with better protection and reflected on their visual morphology (greener shoots and growth). The important phenolics; mangiferin and swertiamarin also showed differential accumulation in S. chirayita clonal line with and without LP in different NaCl concentrations but amarogentin showed increased accumulation in response to increase in NaCl concentration in S. chirayita clonal line both with and without LP. The relevance of this increase is not clear but could have a role in antioxidant-linked phenolic flux regulation.
In the present study, considerable variations were observed in antioxidant enzymes activity, proline content, phenolic content and specific phenolic accumulation in S. chirayita clonal line with and without LP in response to varying concentrations of NaCl. Without LP, S. chirayita growth was totally inhibited in media with 50 and 75 mM NaCl. In LP inoculated cultures on the other hand, some plant growth proceeded even in media with up to 75 mM NaCl. It is clear that LP confers a more stress adaptive physiological adjustment in S. chirayita and it was visible in the visual observation.
The presence of LP in Swertia chirayita in control treatment, up-regulated both pentose phosphate pathway and Krebs cycle as indicated by activities of G6PDH and SDH, respectively. The up-regulation of both these primary metabolic pathways signifies the generation of energy for both catabolic and anabolic needs. When these cultures were treated with NaCl, the Krebs cycle however, was suppressed and pentose phosphate pathway was stimulated as the main primary metabolic pathway. This stress adaptive strategy was also associated with increase in proline and with decrease in PDH activity and increase in structural adjustments supported by increased GPX activity that may polymerize phenolic metabolites to cell walls and reflected on survival and fitness of this line under higher salinity stress (Fig. 1) . S. chirayita cultures without LP showed a completely different response to NaCl stress with up-regulation of both pentose phosphate pathway and Krebs cycle, decrease in proline content and increase in antioxidant activity and total phenolics and shoots cultures could not survive 50 and 75 mM NaCl treatment.
Conclusion
The responses shown by S. chirayita clonal shoot cultures with LP are greener leaf coloration, more lateral shoots, lower levels of antioxidant enzymes, higher levels of proline and up-regulation of pentose phosphate pathway that support phenolic-linked GPX activity when compared to without LP S. chirayita clonal shoot cultures. These results indicate that LP confers added value in terms of stress tolerance and physiological adjustment mechanisms to the S. chirayita culture for better adaptation under salt stress. This is likely achieved by shifting the metabolic flux through pentose phosphate pathway to structural and anabolic support adjustments which could help better adaptation of plants under salt stress. The exact mechanism of how L. plantarum may help in salt stress adaption in plants is still evolving and not completely clear and needs further investigation through in-depth ecophysiological, metabolic and molecular experiments and plant growth response studies.
